Murine coronavirus mouse hepatitis virus (MHV) causes persistent infection of the central nervous system (CNS) in rodents, which has been associated with demyelination. However, the precise mechanism of MHV persistence in the CNS remains elusive. Here we show that the progenitor oligodendrocytes (central glial 4 [CG-4] cells) derived from newborn rat brain were permissive to MHV infection, which resulted in cell death, although viral replication was restricted. Interestingly, treatment with fetal bovine serum or exogenous expression of cellular oncogene Bcl-xL prevented CG-4 cells from MHV-induced cell death. Significantly, overexpression of Bcl-xL alone was sufficient to convert acute to persistent, nonproductive infection in CG-4 cells. This finding indicates that intracellular factors rather than viral components play a critical role in establishing viral persistence in CNS cells. Although viral genomic RNAs continuously persisted in Bcl-xLexpressing CG-4 cells over 10 passages, infectious virus could no longer be isolated beyond 2 passages of the cell. Such a phenomenon resembles the persistent MHV infection in animal CNS. Thus, the establishment of a persistent, nonproductive infection in CG-4 cells may provide a useful in vitro model for studying viral persistence in animal CNS. The data also suggest that direct virus-host cell interaction is one of the underlying mechanisms that regulate viral persistence in CNS cells.
Virus-host cell interaction plays an important role in controlling the outcome of viral infections. Many viruses, including the murine coronavirus mouse hepatitis virus (MHV), can cause lytic infection via necrosis and/or apoptosis in various cell types; however, many types of host cells also have the ability to overcome virus killing (i.e., killing induced by virus). The interplay between a virus and its host cells determines the outcome of an infection. As exemplified by Sindbis virus infection in neuronal cells, overexpression of a single cellular oncogene Bcl-2 can convert lytic to persistent productive infection (28) .
Bcl-xL is an antiapoptotic member of the growing Bcl-2 family of cell death regulators. It has a molecular mass of ϳ25 kDa (5) . Like Bcl-2, Bcl-xL is an integral membrane protein that localizes to mitochondrial, endoplasmic reticulum, and nuclear membranes (5, 13) . Unlike Bcl-2, which shows a peak in expression during embryonic development and declines postnatally, Bcl-xL expression increases postnatally, reaching a peak in the adult (11, 12, 23) . Bcl-xL interacts with a number of the proapoptotic members of the Bcl-2 family and antagonizes their proapoptotic effects. It has been shown that Bcl-xL protects cells from diverse death-inducing stimuli (35) . In the central nervous system (CNS), Bcl-xL plays a critical role in protecting neurons from cell death (36) . Mice that are gene eliminated for Bcl-xL die around embryonic day 13 and exhibit massive cell death of the developing CNS (36) . The abundant expression of Bcl-xL protein in developing and adult brain and the absolute requirement for Bcl-xL during neurogenesis in the mouse suggest that Bcl-xL may be a potent survival factor for the CNS during development and adult tissue homeostasis (35) .
MHV is an enveloped RNA virus that contains a singlestrand, positive-sense RNA genome. Infection of host cells by MHV is initiated by interaction between virion spike protein and the cell receptors, which then triggers fusion between the viral envelope and the plasma membrane or the endosomal membrane, the latter of which follows receptor-mediated endocytosis (22, 38) . The cellular receptors for MHV are members of the carcinoembryonic antigen family of the immunoglobulin superfamily (8, 54, 57) . Upon entry, translation of the viral RNA-dependent RNA polymerase initiates from the incoming genomic RNA, and viral replication then proceeds in the cytoplasm of infected cells (24) .
MHV infects rodents, the natural hosts, and causes hepatitis, nephritis, enteritis, and CNS diseases. Because the histopathology of the CNS demyelinating disease in rodents induced by some MHV strains, such as JHM, is very similar to those seen in human multiple sclerosis (MS) patients, MHV has been extensively used as an animal model for studying the pathogenesis of MS and other demyelinating diseases. In mice, demyelination can be observed as early as 6 days postinfection (p.i.) and appears to be most extensive at around 4 weeks p.i., at which time infectious virus can no longer be isolated, although viral RNA is still detectable (7, 20, 26) . The mechanism of MHV-induced demyelination is not completely understood, although the host immune system has been implicated as mediators of the pathological changes (10, 18, 32, 33, 48, 53, 55, 56) . It has been shown that viral persistence in the CNS correlates with demyelination; however, although persistent infection is necessary, it alone is not sufficient for the development of demyelination (7) . In addition, apoptotic oligodendrocytes have been detected in and near the demyelinating lesions in the CNS of mice and rats infected with MHV strains A59 and JHM (2, 25, 45, 46, 55) , suggesting a role for apoptosis in demyelination. In support of the in vivo observation, recent in vitro results have shown that MHV can directly kill cultured rat oligodendrocytes via apoptosis (30) .
The predominant cell types in the CNS of MHV-persistently infected animals are glial cells, especially astrocytes and oligodendrocytes (references 26, 41, and 48 and references therein). Little is known about the mechanism of MHV persistence in the CNS and, to date, there is no good in vitro model for MHV persistence. During the course of studying the rat progenitor oligodendrocytes (central glial 4 [CG-4] cells), we unexpectedly observed that a brief pulse of the progenitor cells with fetal bovine serum (FBS) prevented MHV-induced cell death. Further experiments revealed that the cellular survival gene Bcl-xL plays an important role in rescuing the cells from virus killing. Significantly, expression of Bcl-xL alone converted acute to persistent MHV infection in progenitor oligodendrocytes, suggesting that cellular factors play a critical role in establishing MHV persistence in CNS cells. These progenitor cells, having survived viral killing, could be passaged and continued to harbor viral RNAs, although no infectious viruses could be recovered from these cells. This kind of persistent, nonproductive infection in the progenitor oligodendrocyte culture resembles the phenomenon observed in MHV-infected animal CNS and in the brain biopsies of MS patients (37, 47) . The similarity of persistent infection in CG-4 cells and in animal CNS may provide a useful in vitro model for studying the mechanism of MHV persistence in the CNS at cellular and molecular levels.
MATERIALS AND METHODS

Cell, virus, and reagents.
The CG-4 cell is a permanent, undifferentiated type 2 oligodendrocyte/astrocyte progenitor cell that was originally established during a primary neural cell culture derived from the brain of newborn Sprague-Dawley rat pups (1 to 3 days postnatal) (31) . It was kindly provided by Paul Drew (University of Arkansas for Medical Sciences). CG-4 cells were cultured on poly-L-ornithine (0.1 mg/ml)-coated dishes at a seeding density of 100 cells per 1 mm 2 in serum-free Dulbecco minimal essential medium (DMEM) with N1 supplement (5 g of transferrin/ml, 16.11 g of putrescine/ml, 6.29 ng of progesterone/ml, 5.14 ng of selenium/ml), biotin (10 ng/ml), insulin (5 g/ml), and two growth factors, basic fibroblast growth factor 2 at 5 ng/ml and plateletderived growth factor AA at 10 ng/ml, as well as streptomycin and penicillin. CG-4 cells were passaged every 6 days. Under this condition, CG-4 cell maintains its undifferentiated progenitor phenotype indefinitely. The progenitor cells were used for virus infection and gene expression throughout the present study. Mouse astrocytoma DBT cells (15) were cultured in Eagle minimal essential medium (EMEM) and were used for virus propagation and plaque assay as described previously (30) .
MHV strain JHM was obtained from Michael Lai's laboratory. It was derived from JHM (3) after 15 passages of undiluted virus preparations in cell culture. It contains two pentanucleotide repeats at the 3Ј end of the leader RNA and expresses the hemagglutinin/esterase gene more abundantly than its parental JHM (3) strain. This culture-adapted virus has been continuously passaged over the years. It causes severe cytopathic effect in DBT cells. It was propagated in DBT cells and was used throughout the present study.
Virus internalization assay. For virus internalization assay, CG-4 cells were grown on 60-mm dishes in the condition medium. 3 H-labeled and sucrose gradient-purified viruses were then used to infect CG-4 cells. Virus internalization assay was performed as described previously (52) . Briefly, cells were infected with MHV-JHM at a multiplicity of infection (MOI) of 10 at 4°C for 1 h. Unbound virus was then removed by five washes with phosphate-buffered saline (PBS) containing 0.5% bovine serum albumin (BSA) and 0.05% Tween 20. Infected cells were incubated at 37°C. At 45 min after a temperature shift, infected cells were washed with cold PBS and incubated with 0.5 mg of proteinase K/ml at 4°C for 45 min to remove the bound but uninternalized virus particles. Cells were collected with a rubber scraper, mixed with an equal volume of a buffer containing 2 mM phenylmethylsulfonyl fluoride and 6% BSA to inactivate proteinase K, and centrifuged for 30 s at 14,000 rpm in a microcentrifuge (Micromax). Cell pellets were washed with EMEM containing 2% BSA. Cells were then resuspended in EMEM and an equal volume of a solution containing 1% sodium dodecyl sulfate (SDS). The radioactivities in the cell lysates were determined by liquid scintillation counting (Beckman 2500T). Parallel experiments were performed on DBT cells, which were used as a positive control. Three replicas per sample were analyzed.
Assay for cell viability. CG-4 cells were infected with MHV or mock infected. At various time points p.i., both detached and adherent cells were collected and stained with trypan blue (Sigma) by mixing 100 l of cell suspension with an equal volume of 0.4% trypan blue solution prepared in PBS. A total of ca. 100 cells from each sample were counted in a hemocytometer under a microscope. A ratio of dead versus total cell numbers is the percentage of cell death, and the result is expressed as a mean of three independent experiments.
Reverse transcription-PCR (RT-PCR). For detection of Bcl-xL mRNA expression, CG-4 cells were cultured in the condition medium for 24 h. Medium was then removed and the cells were treated with DMEM containing 10% FBS for 10 min or without FBS. The FBS-containing medium was then removed and replaced with the condition medium for the remaining time of the experiments. Mock (DMEM alone)-treated cells were used as a negative control. At every 2 h after serum treatment, cells were harvested and intracellular RNAs were isolated with the TRIzol reagent (Gibco-Pharmacia). The RNAs were reverse transcribed into cDNAs with Moloney murine leukemia virus reverse transcriptase (Promega) by using a random hexamer oligonucleotide primer (Invitrogen, Inc.) in a standard RT reaction as described previously (58) . cDNAs were then used as templates for PCR amplification with two pairs of primers specific for Bcl-xL gene and ␤-actin gene (as an internal control), respectively. The sense primer for Bcl-xL (5Ј-TTT GAA TCC GCC ACC ATG TCT CAG AGC AAC CGG GAG CTG-3Ј) corresponds to a sequence at the 5Ј-end of the open reading frame (ORF) and the antisense primer (5Ј-TTT CTC GAG CTT TCC GAC TGA AGA GTG AGC CCA-3Ј) contains a sequence at the 3Ј end of the Bcl-xL ORF. Both primers also contain a restriction enzyme site XhoI and EcoRI (in italics), respectively, for cloning (see below). The primer pair for ␤-actin is 5Јmb-actin (5Ј-ACC AAC TGG GAC GAT ATG GAG AAG A-3Ј, corresponding to the sequence at nucleotides 229 to 253 of the ␤-actin gene) and 3Јmb-actin (5Ј-TAC GAC CAG AGG CAT ACA GGG ACA-3Ј, complementary to a sequence at nucleotides 418 to 442 of the ␤-actin gene; GenBank accession number NM007393). The PCR product is ϳ700 bp in length for Bcl-xL gene and 215 bp for the ␤-actin gene. PCR was carried out in a reaction of 20 l containing 1ϫ PCR buffer (20 mM Tris.HCl [pH 8.3], 25 mM KCl, 1.5 mM MgCl 2 , 0.1% Tween 20), 200 M concentrations of each of four deoxynucleoside triphosphates, 20 pmol of primers, 3 U of Taq DNA polymerase, and 2 l of the RT products for 30 cycles, with each cycle consisting of denaturation at 95°C for 30 s, annealing at 55°C for 1 min, and extension at 72°C for 1 min, with a final extension of 10 min. PCR was performed in a thermocycler DNA Engine (model PTC-200; MJ Research). PCR products were analyzed by 1% agarose gel electrophoresis and visualized by staining with ethidium bromide and photographed with a gel document system (UVP).
For detection of MHV N gene in persistently infected cells, the same RT-PCR method was used, with the exception of the primer pair. The primer pair for the N gene was 5ЈBamN (5Ј-TAG GGA TCC ATG TCT TTT GTT CCT-3Ј) and 3ЈEcoN515 (5Ј-TAG GAA TTC GGC AGA GGT CCT AG-3Ј). The PCR product was 533 bp in length.
Western blot. For detection of cellular Bcl-xL protein, CG-4 cells were either treated with 10% FBS for 10 min or mock-treated as a control. At various time points after serum treatment, cells were lysed with the radioimmunoprecipitation assay buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40) containing protease inhibitor cocktail tablets (Roche, Mannheim, Germany). The cell lysates were passed through a 25-gauge needle several times to sheer the DNA and were clarified from cell debris by centrifugation. In some cases, the protein concentration was measured by using Bio-Rad protein assay kit (Bio-Rad, Richmond, Calif.). Cellular proteins with equivalent number of cells for each sample were resuspended in 20 l of Laemmli electrophoresis sample buffer (10 mM Tris-HCl [pH 6.8], 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol), boiled for 3 min, and resolved by SDSpolyacrylamide gel electrophoresis (PAGE) on 12.5% gel. Proteins were then transferred to nitrocellulose membrane (MSI, Westborough, Mass.) overnight at 50 V in a transfer buffer (25 mM Tris, 200 mM glycine, 20% methanol, 0.02% SDS). After being blocked with 5% skim milk in PBS for 1 h at room temper-ature, nitrocellulose membrane was washed three times in Tris-buffered saline containing 0.1% Tween 20 and immunoblotted with a polyclonal rabbit antibody specific to Bcl-xL (0.2 g/ml; Cell Signals, Inc.) or a monoclonal antibody specific to ␤-actin as an internal control (1:2,000; Sigma) for 1 h at room temperature, followed by a secondary goat anti-rabbit immunoglobulin G antibody or antimouse immunoglobulin G antibody, respectively, coupled to horseradish peroxidase (1:1,500; Sigma) for 1 h at room temperature. The presence of Bcl-xL and ␤-actin proteins was detected by enhanced chemiluminescence (ECL) with peracid as a substrate (Amersham Pharmacia Biotech), followed by autoradiography, with exposure times ranging from 30 s to 1 min. For detection of MHV N protein, the primary monoclonal antibody (J3.3.1) specific to MHV N protein was kindly provided by Stephen Stohlman (Keck School of Medicine, University of Southern California, Los Angeles) and was used in the immunoblot.
DNA transfection and selection of stable transfectants. The plasmid containing the Bcl-xL ORF was a gift from Tim Chambers (Department of Biochemistry and Molecular Biology, University of Arkansas for Medical Sciences). CG-4 cells were grown in 60-mm culture plates (Sarsted) to ϳ60% confluence and were transfected with plasmid DNA pcDNA3/Bcl-xL or pcDNA3 vector by use of the cationic liposome transfection reagent DOTAP according to the manufacturer's instructions (Boehringer Mannheim). Briefly, 5 g of each construct was mixed with 30 l of DOTAP in 70 l of 20 mM HEPES (pH 7.4). The mixture was then added to CG-4 cells. After incubation for 24 h, Geneticin (G418; Gibco-BRL) was added to the medium at the final concentration of 400 g/ml, and the cells were grown for 2 to 3 days. Cells that died off during this period were removed, whereas surviving cells were allowed to grow further in the presence of G418 replenished with fresh medium every 3 days. Cells that were resistant to G418 treatment for 4 weeks were screened for expression of the Bcl-xL.
RESULTS
MHV infection induced death of progenitor rat oligodendrocyte CG-4 cells. CG-4 cells were chosen for the present study because they not only resemble the primary progenitor oligodendrocytes morphologically, biochemically, and biologically but also can be continuously cultured in vitro under defined conditions even though they are not transformed or immortalized (31, 34) . We have shown previously that, in the continuous presence of both growth factors-basic fibroblast growth factor and platelet-derived growth factor-in the condition medium, CG-4 cells maintained their undifferentiated progenitor morphology, i.e., the majority of the cells contained bipolar processes with a few cells having short and relatively unbranched multipolar processes (30) . These cells were stained with an antibody specific to A2B5, a molecular marker for progenitor cells (30) , thus establishing the progenitor phenotype of the CG-4 cells.
To determine the susceptibility of the progenitor cells to MHV infection, CG-4 cells were infected with the neuroviru- i., virus titers in the cell culture were determined by plaque assay. It was found that the virus titers did not increase from days 1 to 4 p.i., indicating that MHV replication is restricted in CG-4 cells (Fig. 1A) . To determine whether the restriction resides during cell entry or postentry, we performed virus internalization assay. Viral genomic RNAs were labeled with [ 3 H]uridine, and radiolabeled viruses were used for infection at 4 or 37°C. We found that MHV indeed entered CG-4 cells when the temperature was shifted from 4 to 37°C, as evidenced by the high level of radioactivity (Fig. 1B) . The radioactivity was similar to that of DBT cells infected with the same MHV.
In contrast, no radioactivity was detected when virus infection remained at 4°C. Taken together, these results confirmed that CG-4 cells are susceptible to MHV infection but that virus replication is nonproductive and restricted in CG-4 cells. To further confirm that the virus truly replicates in CG-4 cells after entry, we determined the virus one-step growth curve. As shown in Fig. 1C , MHV did grow after the eclipse period, albeit inefficiently, thus confirming the restrictive nature of MHV replication in CG-4 cells.
To determine the effect of MHV infection on CNS cells, CG-4 cells were infected with MHV strain JHM at an MOI of 10 to ensure that every cell was infected. The cytopathic effect was then observed daily for 4 days p.i. under a microscope. In parallel, the cell viability was determined with trypan blue staining. As shown in Fig. 2 , infected cells began to become rounded and clumped together at 24 h p.i. These cells began to detach from the culture dishes at 48 h p.i. and almost completely detached from the dishes by 4 days p.i. (data not shown). Occasionally, syncytia could be observed ( Fig. 2A) . This result reveals the cytopathic effect of MHV in CG-4 cells.
To corroborate this observation and to quantitatively determine the cytopathic effect, we performed trypan blue staining. At 24 h p.i., ca. 10% more cells died in virus-infected cells compared to those of mock-infected cells (Fig. 2B) . The number of dead cells increased continuously and significantly from days 1 to 4 p.i. (from 20 to 50%) in virus-infected culture, whereas it remained at a similar level during the same period of time in mock-infected cells(ranging from ca. 10 to 20%). Although a substantial fraction (Ͼ40%) of the infected cells were viable by trypan blue staining at day 4 p.i., these cells were detached from the dishes and could no longer be passaged. These results demonstrate that CG-4 cells could be killed by MHV infection even though virus replication was restricted and nonproductive.
Brief treatment with serum prevented CG-4 cells from virus killing. During the course of the present study, we unexpectedly observed that CG-4 cells that were briefly pulsed with serum could resist virus killing. Initially, when we subcultured the virus-infected CG-4 cells at 12 h p.i. and treated the cells with 10% FBS for 10 min, we found that these infected cells survived virus infection and could be continuously passaged numerous times. This observation suggests two possible scenarios: the serum or the subculturing process stimulates cell growth. To determine which of the two contributes to the resistance, CG-4 cells were infected with MHV-JHM. At 12 h p.i., cells were either treated with 10% serum for 10 min or untreated. Fresh medium was then added to both cell cultures. We found that serum-treated, MHV-infected cells grew well during the first 3 days p.i. (similar to mock-infected cells), whereas a significantly larger percentage of the untreated, MHV-infected cells died during the same period (Fig. 3) . In contrast, subculturing of cells at 12 h p.i. without serum treat- 
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on March 8, 2015 by guest http://jvi.asm.org/ Downloaded from ment did not prevent cell death (data not shown). These results confirm that the serum treatment rather than the subculturing process stimulated cell growth and protected cells from virus killing.
Induction of Bcl-xL expression in CG-4 cells by serum treatment.
Because serum contains a large number of growth factors or mitogens, it is likely that these mitogens stimulate cellular survival gene expression and promote cell growth. To test this hypothesis, we determined the gene expression level of a cellular survival gene Bcl-xL as an example. CG-4 cells were either treated with 10% FBS for 10 min or mock treated. At various time points posttreatment, intracellular RNAs and proteins were isolated. The level of Bcl-xL mRNA was determined by RT-PCR with ␤-actin mRNA as an internal control. As shown in Fig. 4A , Bcl-xL mRNAs increased continuously from 2 to 8 h and peaked at 8 h after serum treatment. In contrast, no increase in Bcl-xL mRNA was detected in mockinfected cells. It is noted that because this was not real-time, quantitative PCR, slight variations among individual samples are expected. The level of Bcl-xL protein was then determined by Western blot analysis. Consistent with the level of the mRNA, Bcl-xL protein level also increased after serum treatment when normalized with ␤-actin protein (Fig. 4B) . These results clearly indicate that Bcl-xL gene expression was induced in CG-4 cells by brief serum treatment.
Overexpression of Bcl-xL alone is sufficient to rescue CG-4 cells from virus killing. The results presented above suggest that Bcl-xL might be one of the cellular mitogen-activated genes that contribute to the survival of CG-4 cells after MHV infection. To provide direct evidence for the role of Bcl-xL in protecting CG-4 cells from virus killing, we cloned the Bcl-xL gene into a eukaryotic expression vector under the control of a cytomegalovirus immediate-early gene promoter. Cells were transfected with pcDNA3/BclxL DNA, and stable expressing cells were selected by G418. Expression of Bcl-xL was detected by Western blotting with an antibody specific to Bcl-xL ( Fig.  5A ). It should be noted that due to the special growth requirement for primary glial cell culture, it was not possible to clone individual cells. Therefore, the stable cell cultures are mixed populations representing cells with various levels of Bcl-xL expression. Nevertheless, empty-vector-transfected cells as a negative control expressed little or no Bcl-xL, even with overexposure of the gel (Fig. 5A, lane pcDNA3) .
Next, CG-4 cells stably expressing Bcl-xL or the vector alone were infected with MHV-JHM at an MOI of 10. At various time points postinfection, the cytopathic effect and cell viability were determined. As shown in Fig. 5B and C, fewer Bcl-xLexpressing cells died after virus infection (7.3 to 22.5% dead cells from days 1 to 4 p.i.) compared to vector-transfected cells (20 to 50% dead cells from days 1 to 4 p.i.). These results thus provide direct evidence that overexpression of cellular oncogene Bcl-xL alone could prevent CG-4 cells from being killed by virus. Fig. 6A , N gene was detected in all 10 passages, although the level decreased slightly in passages 8 and 10. To further determine whether the viral RNA is truly persistent, we passaged the cells for an additional 10 passages. We found that the N gene was still present in passage 20 (p20) (Fig. 6A, right panel) , confirming the persistent nature of virus infection. The identity of the N gene PCR products was confirmed by DNA sequencing (data not shown). The N protein was also detected in the first eight passages but was undetectable in further passages by Western blotting (Fig. 6B) . Immunofluorescence staining to the N protein was detected in most of the cells at P0, ca. 30 and 10% of the cells at P1 and P2, respectively, and was undetectable at P3 (data not shown). However, infectious virus could no longer be isolated from the cells beyond passage 2 (Fig. 6C ).
Conversion of acute to persistent MHV infection in CG-4 cells by overexpression of
We then attempted to recover infectious virus by using two alternative approaches: one was to coculture DBT cells with the persistently infected CG-4 cells (passage 10), and the other was to induce fusion between DBT cells and CG-4 cells by polyethylene glycol. Both approaches failed to recover any infectious virus (data not shown). These results demonstrate that Bcl-xL-expressing CG-4 cells recovered from virus infection continuously harbored the viral RNA but not the infectious virus, suggesting that Bcl-xL has the ability to convert acute infection to persistent, nonproductive infection in CG-4 cells, a phenomenon observed in animal CNS.
DISCUSSION
In the present study, we have shown that MHV enters progenitor oligodendrocyte CG-4 cells but that virus replication appears restricted and nonproductive, as evidenced by a decrease in virus titer from days 1 to 4 p.i. (Fig. 1) . A similar phenomenon has been observed previously in mature oligodendrocytes differentiated in vitro from progenitor CG-4 cells (30) . It has been previously suggested that the restriction of mature oligodendrocytes to MHV infection occurs at the uncoating stage after viral entry. Because uncoating requires dephosphorylation of the N protein by certain cellular phosphatases, increased levels of kinases in mature oligodendrocytes block dephosphorylation of N protein, thereby inhibiting virus uncoating (19, 39) . Whether a similar phenomenon exists in progenitor CG-4 cells and whether cellular factors other than the kinases contribute to the inhibitory effects on virus production remain to be investigated.
Despite the fact that MHV replication is restricted in progenitor CG-4 cells, MHV infection results in cytopathic effect and ultimately in cell death (Fig. 2) . Although some of the infected cells did not die within the observation period (4 days p.i.), these cells could no longer be subcultured and died eventually (data not shown). When the cellular DNAs were stained with propidium iodide and observed under a microscope, we found that both necrosis and apoptosis are involved in the cell death (data not shown). In a previous study, we demonstrated that MHV infection induces apoptosis in CG-4-derived oligodendrocytes. However, whether necrosis is also involved in oligodendrocyte death has not been ruled out (30) . It should be noted that the type and mechanism of CG-4 cell death induced by MHV infection are not the focus of the present study but are interesting issues to be addressed in the future.
Significantly, overexpression of a single cellular survival gene can convert acute infection to persistent, nonproductive infection ( Fig. 6) . A similar instance has been observed in Sindbis virus-infected neuronal or fibroblast cells, in which overexpression of the cellular survival gene Bcl-2 alone can prevent cell death and convert lytic to persistent infection (28) . However, unlike Sindbis virus persistence in these cells, MHV persistence in CG-4 cells is nonproductive. No infectious virus has been recovered once the persistently infected cells are passed beyond two passages. Interestingly, viral genomic RNA se- quences have been consistently amplified from the persistently infected cells. These characteristics of persistence in CG-4 cells closely resemble those observed in the persistently MHV-infected CNS of mice (26, 40) . Previous attempts to establish persistent MHV infection in cell cultures, including the mouse astrocytoma cell line DBT and fibroblast cell lines, have been successful (6, 44) , and infectious viruses have been produced in these persistently infected cells continuously passaged over 3 years (44) . Persistent productive infection has also been established in primary mouse glial cell culture (27) . However, such a persistent, productive infection in cell culture is fundamentally different from that seen in animal CNS. Thus, the establishment of a persistent, nonproductive infection in progenitor oligodendrocyte CG-4 cells may provide a useful in vitro model for studying MHV persistence in CNS cells.
MHV persistence in rodent CNS is associated with demyelinating encephalomyelitis. Recent studies have established that MHV persistence is required for CNS demyelination but that persistence alone is not sufficient to cause demyelination in mice (7) . The precise mechanisms of MHV persistence in the CNS cells are not well understood, although several hypotheses have been proposed (4, 9, 17, 21, 49) . One hypothesis suggests that downregulation of viral gene expression and function is an important mechanism for viral persistence in cell cultures (4, 17) . Leader RNA heterogeneity and mutations in the leader during persistent infection give rise to an intraleader ORF, which attenuates translation of downstream ORFs of bovine coronavirus (17) . Cultures persistently infected by MHV also generate defective-interfering RNAs and various types of mutants (14, 16, 21, (49) (50) (51) . However, it is not clear whether these genomic alterations are the consequence or the cause of viral persistence. Fleming and coworkers systematically analyzed regions of MHV genome isolated from mouse brains at various days (4 to 100 days) p.i. and showed that significant mutations and quasispecies of the viral RNAs accumulated during persistence, suggesting that mutations are likely the result rather than the cause of persistence (1, 43) .
Other studies suggest that downregulation of MHV receptor expression on host cells is an important mechanism for MHV persistence in culture (44) . Persistent MHV infection is readily established in astrocytoma cell line DBT and fibroblast cell line 17Cl-1 (3, 6, 44) . Both cell lines are highly heterogeneous in expression level of the MHV receptor, which correlates well with their susceptibility to MHV infection. Thus, in mixed populations of cells, the epigenetic expression of MHV receptor allows the establishment of a persistent infection (44) . This suggests that persistent MHV infection may not be established in cell populations that express high levels of MHV receptors.
In the present study, we have shown that expression of a single cellular oncogene can rescue progenitor oligodendrocytes, which are highly susceptible to MHV infection, from being killed by virus and can convert acute infection to persistent, nonproductive infection (Fig. 6 ). This finding suggests that general intracellular molecules play a critical role in establishing viral persistence in glial cells. Although the mechanism by which intracellular genes contribute to the establishment of MHV persistence remains to be determined, based on the findings described here, we propose the following model. Acute infection of oligodendrocytes results in cytopathic effect. However, once the oligodendrocytes overcome acute virus killing, they become persistently infected, partly due to the restrictive nature of the oligodendrocytes to MHV replication. Cellular survival genes such as Bcl-xL indirectly facilitate the establishment of persistent MHV infection by preventing infected cells from virus killing. Therefore, the role of Bcl-xL in MHV persistence is rather indirect. Stohlman and coworkers have shown that neutralizing antibodies play a critical role in establishing and maintaining per- sistent MHV infection in the mouse CNS and cell culture (29, 42) . Neutralizing antibodies to the spike protein were transferred into MHV-infected B-cell-deficient mice after initial virus clearance and suppressed virus recrudescence, which was associated with reduced demyelination (42) . In MHV-infected DBT cells, persistent infection was maintained in the presence of neutralizing antibodies to the viral spike protein (42) . Removal of antibodies from the medium restored virus titer and cell fusion (42) . A possible interpretation is that the antibody neutralizes the released extracellular virus, thus preventing reinfection of uninfected cells. The neutralizing antibodies can also interact with the spike proteins expressed on the surface of infected cells, thereby preventing fusion with neighboring cells, whereas the intracellular virus replication is not severely blocked. In the present study, no neutralizing antibodies were added to the culture medium, and little or no infectious viruses were produced in persistently infected CG-4 cells, so maintenance of the viral genomic RNAs is likely controlled by intracellular factors. Our finding that expression of a cellular protein Bcl-xL alters the course of MHV infection from acute to persistent, nonproductive infection in CNS cells is consistent with this interpretation. It also suggests that MHV persistence in the CNS cells is the consequence of a complex interplay between the virus and the host. Future research will be directed to determine what cellular factors control MHV replication and persistence in CG-4 cells and other glial cells.
